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            Abstract
Plastics are key components of almost any technology today. Although their production consumes substantial feedstock resources, plastics are largely disposed of after their service life. In terms of a circular economy1,2,3,4,5,6,7,8, reuse of post-consumer sorted polymers (‘mechanical recycling’) is hampered by deterioration of materials performance9,10. Chemical recycling1,11 via depolymerization to monomer offers an alternative that retains high-performance properties. The linear hydrocarbon chains of polyethylene12 enable crystalline packing and provide excellent materials properties13. Their inert nature hinders chemical recycling, however, necessitating temperatures above 600 degrees Celsius and recovering ethylene with a yield of less than 10 per cent3,11,14. Here we show that renewable polycarbonates and polyesters with a low density of in-chain functional groups as break points in a polyethylene chain can be recycled chemically by solvolysis with a recovery rate of more than 96 per cent. At the same time, the break points do not disturb the crystalline polyethylene structure, and the desirable materials properties (like those of high-density polyethylene) are fully retained upon recycling. Processing can be performed by common injection moulding and the materials are well-suited for additive manufacturing, such as 3D printing. Selective removal from model polymer waste streams is possible. In our approach, the initial polymers result from polycondensation of long-chain building blocks, derived by state-of-the-art catalytic schemes from common plant oil feedstocks, or microalgae oils15. This allows closed-loop recycling of polyethylene-like materials.
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                    Fig. 1: Preparation and characterization of polyethylene-like polymers.[image: ]


Fig. 2: Filament fabrication and 3D printing of PC-18 and PE-18,18.[image: ]


Fig. 3: Exemplary 3D prints.[image: ]


Fig. 4: Chemical recycling of polyethylene-like materials.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 The presented closed-loop recycling concept.
Long-chain aliphatic building blocks (‘monomer’) obtained from biorefining of plant or microalgae oils (‘bio-based’, top inset) are polymerized (1) to give polycarbonates and polyesters with polyethylene-like properties. These materials can be processed (2) by common injection moulding and they are also well suited for additive manufacturing (such as 3D printing). After the useful service life of the polyethylene-like polymers—here the materials application is tensile testing (3)—chemical recycling (4) via a solvolysis process to the underlying monomers is enabled by the functional groups present in the polymer backbone. The recovered monomers can be repolymerized to materials with properties on a par with the initial polymers with an overall recycling rate of >96%.


Extended Data Fig. 2 Decarboxylation of diethyl carbonate endgroups.
To achieve high molecular weights for long-chain aliphatic polycarbonates, diethyl carbonate was employed as a monomer. Unlike the commonly used dimethyl carbonate19,31, this provides an additional pathway for molecular-weight build-up. In the final stages of the polycondensation reaction, condensation of two carbonate endgroups with liberation of ROC(=O)OR is the prevailing reaction. This is a kinetically less favoured reaction compared to the initially dominant transesterification of carbonate groups with alcohols. This lower reactivity is particularly relevant as in this critical stage of the reaction at high conversions of functional groups the concentration of reacting groups is low. For the case of diethyl carbonate as a monomer, decomposition of –OC(=O)OEt end groups to carbon dioxide and ethylene can yield more reactive –OH groups. This pathway32 enables the decisively higher final product molecular weights observed with diethyl carbonate as a monomer. a, Model reaction of 5 g of 1,12-dodecanediol with diethyl carbonate (DEC) to investigate the decarboxylation of diethyl carbonate endgroups probing for the formation of CO2 and ethylene. b, Left, schematic experimental setup for the capture of CO2 in aqueous Ba(OH)2 (washing flask 1) and ethylene in CDCl3 (washing flask 2) from the condensed volatiles of the model reaction. Right, photographs showing the increasing turbidity of the Ba(OH)2 solution upon formation of BaCO3 (1), and a detail of the 1H NMR spectrum of the CDCl3 solution with the characteristic resonance for ethylene (2). c, Proposed decomposition mechanism of ethyl carbonate end groups during the polycondensation. B represents a base present in the reaction mixture that can facilitate the abstraction of the terminal proton.


Extended Data Fig. 3 Thermal and solid-state properties of polymers.
a, Comparison of the WAXS diffractograms of PC-18, PE-18,18, PC-48 and HDPE. Diffraction peaks correspond to the orthorhombic unit cell of polyethylene in all cases and all materials exhibit an HDPE-like crystallinity of about 80%. b, Comparison of the differential scanning calorimetry (DSC) traces of PC-18, PE-18,18, PC-48 and HDPE (top, heating curve; bottom, cooling curve). c, Thermogravimetric analysis traces of PC-18 and PE-18,18 in comparison to that of HDPE.


Extended Data Fig. 4 Mechanical properties of 3D-printed PC-18 and PE-18,18 tensile testing specimens.
a, 3D-printed PE-18,18 tensile testing specimen on the print bed. b, As a but for blue-coloured PC-18. c, As a but for carbon fibre (CF)-reinforced PC-18. d, 3D-printed PC-18 tensile testing specimens after removal from the print bed. e, 3D-printed PC-18 tensile testing specimens after tensile testing. f, Representative stress–strain curves of 3D-printed PC-18 and PE-18,18 tensile testing specimens.


Extended Data Fig. 5 Depolymerization of PC-18 and PE-18,18.
a, b, Degree of polymerization of PC-18 (a) and PE-18,18 (b) as a function of time using ethanol or methanol at different temperatures and with and without KOH; c, depolymerization of PC-18 in water. For a and b, to assure a facile and rapid depolymerization in the recycling of the polymers, different conditions (see keys) were screened for both PC-18 and PE-18,18 in small-scale pressure reactor experiments. 200 mg of polymer was stirred (500 rpm) with 5 ml of methanol or ethanol, respectively, at the temperature and for the duration listed. Optionally, 10 wt% KOH with respect to the mass of polymer was added as a basic depolymerization catalyst. The volatiles of the obtained reaction mixture were removed under reduced pressure and the degree of polymerization of the crude product was determined by 1H-NMR spectroscopy in tetrachloroethane-d2 at 383 K. Catalysis of the polyester depolymerization reaction by KOH lead to partial saponification of the 1,18-dimethyl octadecanedioate monomer. c, Depolymerization in water (50 wt% KOH) of PC-18 also proceeded completely to the monomer, the carbonate being released as CO2. The 1H NMR spectrum (383 K, 400 MHz, C2D2Cl4) shows the precipitated hydrolysis product 1,18-octadecane diol obtained by filtration of the reaction mixture.


Extended Data Fig. 6 Properties of recycled PC-18.
a, DSC traces of virgin and recycled PC-18. The melting temperature (Tm), crystallization temperature (Tc), melt enthalpy (ΔHm) and crystallization enthalpy (ΔHc) are given. b, GPC traces of virgin and recycled PC-18. The number- and weight-average molecular weight (Mw and Mn, respectively), and polydispersity (Đ = Mw/Mn) are given. c, 1H-NMR spectrum (C2D2Cl4, 383 K, 400 MHz) of recycled PC-18.


Extended Data Fig. 7 Depolymerization of PC-18 in presence of polyolefins and PET.
To simulate a potential waste stream, methanolysis of coloured PC-18 was conducted in the presence of polyolefin samples (HDPE, PP) and PET. a, Blue-coloured PC-18 and specimens of HDPE and PP with their respective weights before depolymerization. b, In contrast to the depolymerized and dissolved PC-18, the polyolefin samples remained unchanged during the solvolysis process and could be separated from the monomer solution formed from PC-18, with the blue colourant deposited on their surfaces. c, 1,18-octadecane diol crystallized from the MeOH monomer solution. d, GC analysis of 1,18-octadecane diol recovered (FID, flame ionization detector; tr, retention time). e, Specimens of blue-coloured PC-18 and PET with their respective weights before depolymerization. f, Depolymerization mixture after 24 h at 150 °C in MeOH. The PC-18 specimen depolymerized to a monomer solution while the PET specimen retained its shape and could be separated. The blue colourant was deposited on the surface of the stirring bar. g, 1,18-Octadecane diol crystallized from the MeOH monomer solution. h, 1H NMR spectrum (383 K, 400 MHz, C2D2Cl4) of 1,18-octadecane diol recovered by depolymerization in the presence of PET. The absence of the characteristic resonances for PET (dashed blue spectrum, shown for comparison) underline the successful separation.


Extended Data Fig. 8 Depolymerization of PE-18,18 from a blend with HDPE.
To simulate potential contamination of a HDPE waste stream, blends of HDPE with PE-18,18 were generated by melt compounding. a, Tensile properties of 80/20 wt% and 95/5 wt% HDPE/PE-18,18 blends. These show no adverse impact of the presence of PE-18,18 compared to the neat HDPE. b, Photographs of a HDPE/PE-18,18 80/20 wt% blend specimen before and after depolymerization by methanolysis (120 °C, 10 wt% KOH, 24 h). c, Infrared spectra and d, 1H-NMR spectra (C2D2Cl4, 383 K, 400 MHz) of the original HDPE/PE-18,18 80/20 wt% blend and of the residue from depolymerization. The absence of the carbonyl band and of the characteristic ester 1H resonances demonstrates the removal of the PE-18,18 component from the blend.


Extended Data Fig. 9 Properties of recycled PE-18,18.
a, DSC traces of virgin and recycled PE-18,18. b, GPC traces of virgin and recycled PE-18,18. c, 1H-NMR spectrum (C2D2Cl4, 383 K, 400 MHz) of recycled PE-18,18.
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